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ABSTRACT

The research presented in thiaperis aimedat thehigher
frequency(HF) voltage distortionin public low voltage
(LV) gridsin the range betweenkHzand 40kHz.

The particular focus lies on the emission caused by modern
photovoltaic (PV) inverters.Based on laboratory
measurementshé general characteristics of the emission
spectrum of thesinverters aradiscussedand asuitable
evaluationmethodis proposed

The next partpresents the result®f a long term
measuremergampaign recording voltage distortidevels
at 25 sites up to 4@Hz Grids without PVinstallations
showvery low distortiorevels In grids with P\the levels
closely linked tdhe location of the inverter in relation to
the measurement sitén general, he lowest distortion
levels wererecorded at the transformer LV bus bdhe
highestlevels were reachedat the point of connection
(POC) of an inverterAt all sitesno customeicomplaints
are knowndue toHF voltagedistortion.

The last part of the paper preseatsasestudy where the
connection of anachinewith inverter technologygaused
HF distortion levels which led to multiple device
malfunction and noisein household appliancesand
subsequently to customer complaints

INTRODUCTION

In Germany the number 81V installations conreed toLV
grids has been increasing significantly during the last years.
This development will most likely continue in the future.
The invertersgenerallyused today generate the output
current usig pulsewidth modulation(PWM). Compared to
other techniques his efficiently reduces low order
harmonics, but leads tdF components around tH&NVM
carrier signafrequency {ypically between 15 kHand 20
kHz) and its multiplesDepending on differeriaictors (e.g.
network impedancenumber of inerters) this may lead to
significant voltage levels ahosefrequencies in the grid,
which can disturb other electronic equipmesoich as touch
dimmersor electronic power meters

Up to row, virtually no standardsfor emission or
compatibility leve$ inthe frequency randeetweer? kHz
and 150kHz exist Due to the increasing use of this
frequency range in modern power electronic deyisgsh
standardsare neecd to guarantee successfEMC
coordinationin the future.The responsibléEC working
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groupshave started to develgtandard$or compatibility
levels, immunity and emissiofhis paper aims to provide
additional knowledge to support these processes.

LABORATORY MEASUREME NTS

The aimof the laboratory measurementsdgain an insight
on theprinciple operation and emission characteristics of
PV invertersandwhich frequencies and levefave to be
expecedin the public grids.

PV inverters are complex systems and the emission depen
on numerous factord he results are used to develap
accurate and flexibl®V inverter HF emission modéb
simulate the interactiorand superpositiorof multiple
invertersand to estimate the level of HF distortion that has
to be expected.

Measurement Setup

For analysis a measurement setup at Thé Dortmund
Universitywas used. The setup consists pfagrammable
signal geerator(l), a power amplifie(ll),
impedancedlll), PV inverterg1V) anda DC sourcgV)
with a programmable solar panel voltagecurrent
characteristic The inverters are from different
manufacturers and havamilar rated power. They are
transformerles with 3 kW (Inv. A), transformerless with
2.5kW (Inv. B) and with a HF transformer with2 kW
(Inv. C) rated powerAll inverters usethe same PWM
technique with a triangular carrier signal but different
carrier frequenciebetween 1&Hz and 2kHz.
Measirements were taken at the PQ@) of the inverter
and inside the inverter between the EMC filter and the
switches (VII).
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Schematic of the lab measurement setup
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Higher Frequency Emission Spectrum

The inverters commdyused today do not emit a perfectly
sinusoidal current into the grid. They produce a current
containingharmonics andHF distortion.

The HF spectrum of a PV inverter contisof emission
bands located aroundhteger multiples ofthe carrier
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Figure 2. Voltagespectrum ofnverter Ameasured between thebridgeand
the EMC filter(VIl), theanalytical solution from [1],200Hz bands

different PV inverterg55% rated power
calculated withcentereds00Hz bands

according to[2] and the proposed 608z and 800Hz bands

frequencyf. usedin the inverter.Each emission band
consists of an infinite number of individual spectral
componentsvhich occur in a distance ttie doubledgrid
operation frequencfy. Themathematical backgrourahd
analytical solution tdahe Fouriertransformis given in [1]
Figure2 shows the measured aawdalyticcalculated spectra
for inverter A at the Hbridge This spectrum ighen
damped byan EMC filter. However, the characteristics of
the spectrum remain tleameand can be found in thggid
voltage too

Only the first emission band reaches significant levels. The
higherband areusually two orders of magnitude lower than
the first oneand are notonsidered in the paper

Evaluation Methods

Oneaim of this paper is to compare the distortion levels in
different grids at different times. Therefore, theailable
multidimensional dataeeds to be aggregated into a single
numberfor comparisonThe 200Hz bands according to [2]
are not optimal, because they don't covemthele energy

of anemissionband Thereforetwo derived methods are
used in the paper.

If frequency bands cabe freely chosera 600Hz band
centeredfcy) at the inverter carrier signal frequerigy=f.

is used. Itcoversmore than99% of the power in the
consideredemission bandThe green are@n Figure 2
illustrates the 60MHz-band. Itis usedor lab measurement
analysis

If the measurements are based on 2@®andsaccording

to [2], the calculation of an 808z bandbased orfour
consecutive 200Hz bandsis suggested.The center
frequencyfc, should be located so that the voltage of the
band is maximizedrhis is shown ifrigure2 in violet. This
method isapplied b thegrid measurements.

Higher Frequency Source Behavior

Assuming the internal DC voltage of the inverter to be
constant and neglecting the EMC filter, the inverter can be
considered aa voltage source at 39z as well asat the
carrier signal frequency

This changes when the EMC filter is considerBdyure3
shows the currentoltagecharacteristics of the three
measuredhverters Eachpoint shows the measured voltage
and current at the inverter clamps usinglifferent
impedancs(cf. tolll in Fig. 1) InverterC causerelatively
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constant voltage distortion between 100 and rb80and
appeas to bea voltage sourcénverterA emitsa relatively
constant currerandshowsrathercurrent source behavior
The estimated impedances for the inverterszgge 404,
Zws 850 aZng &166q. The valuefor inverter A
representgpproximatelythe impedance of the coils inside
the EMC filter. The EMC filter appears to be one of the
majorinfluencing factors on inverter emissioghaviorand
has to be consideréuadetailin an inverter emission model
In terms of network disturbance, imer A has to be
considered thenostcritical ong becausé can causéigh
voltage distortionevelsthat could result innterferences
andcustomer complaint&f. paged).

While currentemission levelsf all inverters are smalthe
resulting voltage distortion diffeisignificantlydepending
on the used impedancEherefore,n the dscussion of new
emission limitghe use of géestimpedance analog to the one
specified [2] is suggested. Comparingheasurements
withoutimpedance is not recommended.

SURVEY MEASUREMENTS

In cooperation with three DNOsjngle phase anthree
phasemeasurementsip o 40kHz were @rried outin
several LV grids. The goal of this campaign is to establish
an overview oHF voltage distortion levels public grids
today.No disturbances or customer complaints dufo
voltage distortion are known in any of theasuredyrids
PLC was present irsome cased®ut is not considered
becausét is located in a higher frequency range.

Typical PV Inverter Spectra in LV Grids

Figure4 exemplarilyshows the voltage spectruofi one
phase asite M2above XHz in 200Hz bands o sunny
Novemberday. The voltage distortion is highest around
17 kHz, which indicates that this is the carrier frequernfcy
the PWM.Figure5 shows the voltage distortias 800Hz
band around 1kHz for three phases. The inverters cause a
relatively constant voltage distortion from dawn till dusk.

Comparison of HF Voltage Levels in Gids

To compare such complex and multidimensional data (site,
time, frequency), several steps of ag@t#on are needed.

To calculate the HF voltagistortionlevels (HFVL), frst,

the data was searched for temterfrequency at with the
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Figure 4: Typical spectrum of a LV grid with high PV penetra Figure 5: Active powellines)and HF voltaggdots)in 800Hz
tion during the course of a day,nin aveages, bands around 1kHz, 1min averages for three phase
200Hz bands, XHz to 40kHz, site M2n November site M2

highest distortion levelasreached in each measurement. distortion apears to be a localizeghenomenonthat
Second, the200Hz voltage bands around the center doesndét propagate far.
frequency are combinethto a 800Hz band. Third, the When PV is not operating, the levels are comparable to
global radiationEg readings of alose byweathe station those in grids without PV. Threason for thaigh levels in
wereevaluated to separatienes when the PV is operating  grids F and Jis not yet knowa, but will beinvestigaed

(E¢> 120W/m?2) and when not & OW/m?2). Fourth, the The frequency with highest HFVL varies greatiygrids

5%, 50% and 95% quantiles of these values were calculatedwithout PV. With PV it is located between 161z and

for both data groups 19kHz.

Figure6 shows the total PV power installed in each grid.

While most measurements were taken at transformer LV bus CASE STUDY WITH INTERFERENCE

bars,four were carried out at junction boxes and two at the

point of connection (POC) of inverters or the associated Complaints and Interferences

households. In an urbangrid, several customers complained about
Figure7 shows theboxplots of the calculatedFVL and the electrical devicamalfunction to theinetwork operatoin
centerfrequencies that were evaluatéalall grids without summer2012.The schematic network of the grid is shown
PV installationsvoltage distortion levels alelow100mV. in Figure8. The complaintgcf. to Fig.8)were as follows:

In grids with PV the levelduringPV operatiormay be low () HouseholdNoisefrom a television seind

(i.e. B1, B2) or significantlyncreased C1-C3). Between malfunctiors of afully automated coffee maker
different sites within a grithe levels may be significantly (1) Hairdresser's shopalfunctions ofhair dryer control
different(M1, M2) or almostsimilar (CEC3). In general, (autonomouslyturnedon and of 30-40 times a day)
the highest levels weraeasuredloseto PV inverters (M2, (1) Cogwheel factory Periodic malfunctions ofthe
C3), where up to  was reacheqM2). In general, HF contrd of a new CNC milling machine

Figure 6: Comparison of measurement sitesiistalled PV power, distinguished by the location of the measurement

Figure 7: HFVL in different LV grids, numbers in night chart are evaluated center frequencies, some measumenwenysingle
phase grid description lettergorrespond to Figure foxes mark 5% and 95% quantiles, line marks median
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